Introduction
Currently, treatment of diseases and injuries is focused not only in synthesis of new drugs or enhancing of existents, but also in the development of more and better biomaterials suitable for the manufacture of prostheses and medical devices [1] . Common examples include sutures, needles, catheters, plates, tooth fillings, and so on [2] . luble below a certain temperature, it is said to have a lower critical solution temperature (LCST). Above the LCST, the material becomes increasingly hydrophobic and insoluble, and a gel is formed. In contrast, polymers that are hydrophobic below a critical temperature and hydrophilic above it are said to have an upper critical solution temperature (UCST) [18] . Water-soluble polymers with an LCST have attracted a great deal of attention in recent years due to their potential applications in biomedicine and biotechnology. Incorporating monomers with swelling-deswelling capabilities depending on the pH or temperature of the medium, generated synthesis of new materials with various biomedical applications [19] . Several polymers such as poly(acrylamide), poly(Nisopropylacrylamide), and their copolymers, can respond to environmental changes, but presents problems with biocompatibility, which makes them unsuitable as materials with biomedical applications. In contrast, poly(Nvinylcaprolactam), poly (NVCL) arises as a suitable alternative [20] .
N-vinylcaprolactam (NVCL) is a cyclic vinyl amide with a seven-membered lactam ring, and it can be categorized as a typical non-conjugated monomer that only undergoes radical polymerization (Scheme 1). NVCL is structurally similar to N-vinylpyrrolidone (NVP) in that the alkene p-electrons are not conjugated with the C=O functional group [21] . Vinylcaprolactam is an amphiphilic monomer because it contains hydrophilic (amide) and hydrophobic (alkyl vinyl group and the lactam ring) groups [22] . The NVCL is partially soluble in water, its solubility is 8.5% wt. The water solubility of the corresponding homopolymer, poly(N-vinylcaprolactam), varies with temperature. The presence of the hydrophobic and hydrophilic groups makes coexist repulsive and attractive forces. The poly (N-vinylcaprolactam) is one of the known thermosensitive polymers. It is nonionic, nontoxic, biocompatible, soluble in water and undergoes a phase separation about 37˚C; LCST near the range of physiological temperature (32 -34˚C) [23] . Poly(NVCL) has relatively high resistance to hydrolysis and not produces toxic low molecular weight amines during hydrolysis. These properties make poly (NVCL) suitable for use in some biotechnology such as implantation or purification of enzymes/proteins/living cells, and drug delivery [23] .
The radiation polymerization of NVCL already has been reported with thermosensitive properties and low degradation rate on doses beyond 2 kGy (yield of about 90%) [23] . At high radiation dose rate, the polymerization of NVCL decrease. Crosslinking of the linear chains begin on radiation doses 45 kGy with gel formation > 98% [23] .
The monomer chosen for sensitivity to pH was N,N-diethylaminoethyl methacrylate (DEAEMA). DEAEMA is an ionizable monomer, so pH-sensitive (Scheme 2). A very useful feedstock for chemical syntheses, because it readily undergoes addition reactions with a wide variety of organic and inorganic compounds. The excellent adhesion properties of N,N-diethylaminoethyl methacrylate make it ideal as an adhesion promoter for industrial cans and automotive clear coatings. The amine group in N,N-diethylaminoethyl methacrylate can be quaternized to give water-soluble ammonium salts used in flocculants or coagulants for water treatment [24] . N,N-diethylaminoethyl methacrylate can be used to impart the following properties to polymers: charge introduction possible, impact resistance, adhesion, flexibility and water solubility. On literature is reported a LCST at pH 7 around 40˚C. For the radiation induced grafting we used the direct method which consists on the simultaneous irradiation of a polymer with the monomer to be grafted (NVCL and DEAEMA) in a free-oxygen atmosphere. Although this method has the advantage of providing high graft yields, has the disadvantage of simultaneous formation of homopolymer, poly(NVCL) and poly(DEAEMA), this leads to the undesirable consumption of monomer and complicate the pure graft copolymer separation.
As a polymer substrate, silicone is a good candidate for use in monolithic devices where the active agent is dispersed in a polymer matrix and its release is controlled by diffusion from the matrix [25] . Silicone is an important biomaterial used in various biomedical prosthetic purposes, with supplementary mechanical functions in organs such as the trachea or cartilaginous tissues or aesthetic implants [25] .
That's why we sought to exploit the advantages of the NVCL (thermo-sensitive) and DEAEMA (pH-sensitive) to generate a binary graft copolymer on silicone rubber by two-step method with swelling-deswelling capabilities. This system retained the mechanical properties of silicone, but with improved biocompatibility by the inclusion of soluble monomers and with fast response to temperature and pH. Because NVCL not shows a high degree of polymerization when synthesized by common methods [20] , the polymerization technique used was gamma radiation. The optimum grafting conditions and response to temperature and pH was evaluated.
Experimental

Materials
Silicone rubber, SR (1 mm thickness) was obtained from Goodfellow (Huntingdon, UK) and previously washed with ethanol for 24 h and then dried under reduced pressure. N-vinylcaprolactam and 2-(diethylamino)ethyl methacrylate were purchased from Sigma Aldrich (St. Louis, MO, USA), and distilled under reduced pressure before use. Toluene and ethanol were from J.T. Baker (Mexico) and used as received.
Synthesis of (SR-g-DEAEMA)-g-NVCL by Two
Step Method SR-g-DEAEMA and (SR-g-DEAEMA)-g-NVCL were synthesized placing pieces of SR or SR-g-NVCL films (previously weighed) in glass ampoules containing a monomer solution in toluene. The ampoule was degassed by repeated freeze-thaw cycles and sealed. Ampoules were irradiated using a 60 Co γ source (Gammabeam 651 PT, Nordion International Inc., Canada) at absorbed doses from 10 to 100 kGy and a dose rate of 9.3 kGy•h −1 .
Purification
The samples were soaked in ethanol for 24 h (changed ethanol 2 times), followed by drying under vacuum at 50˚C to constant weight, in order to extract residual monomer and heteropolymer formed.
Grafting Yield
The grafting yield was calculated according to Equation (1):
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where W g and W o are the weights of the films after and before grafting, respectively.
Physical Characterization
FTIR-ATR spectra of pristine and grafted SR were recorded on ZnSe using a Perkin-Elmer Spectrum 100 spectrometer (Perkin Elmer Cetus Instruments, Norwalk, CT) with 16 scans. Thermal decomposition was recorded in nitrogen atmosphere between 25 and 800˚C at a heating rate of 10˚C min −1 using a TGA Q50 (TA Instruments, New Castle, DE). Differential scanning calorimetry (DSC) studies for the determination of thermodynamic transitions were carried out in nitrogen atmosphere using a DSC 2010 calorimeter (TA Instruments, New Castle, DE) from 25 to 300˚C at a heating rate of 10˚C min −1 . To determine the swelling equilibrium, pieces of polymeric films were immersed into distilled water for different periods of time (from 30 to 900 min). The excess of solution on the catheters was removed with filter paper, and the swollen samples were weighed. The swelling percent was determined as follows:
where W s and W d represent the weight of the swollen and initial polymeric film, respectively.
pH-Responsiveness by Swelling Measurements
The pH-responsiveness of SR grafted with DEAEMA was determined by measuring the sample's degree of swelling in buffer solutions of pH ranging from 2 to 10. The dried sample was exposed to each buffer solution, one at a time, for 24 h until equilibrium was attained. Afterwards, the sample's surface was gently wiped with filter paper and the swollen sample was weighed. Swelling percentage was determined gravimetrically based on the measured weights of the swollen (W s ) and dried (W d ) films and calculated according to Equation (2) . The critical pH was defined as the inflection point of the swelling (%) vs. pH plot.
Thermo-Responsive Measurement
The thermo-responsive properties of the films were estimated by means of the lower critical solution temperature, based on the determination of thermodynamic transitions by DSC. The runs of the swollen samples (immersed in distilled water for 24 h) were recorded under nitrogen atmosphere using a DSC 2010 calorimeter (TA Instruments, New Castle, DE, USA) using a temperature range of 25 to 80˚C with a step increase of 1˚C min −1 . Figure 1 shows the percentage of the DEAEMA grafted onto SR samples as a function of irradiated dose at dose rate of 9.3 kGy•h −1 and monomer concentration of 50 vol% was examined as a first parameter. The grafting yield increased with irradiation dose; grafting percentages of SR films were 6 and 15% at 10 and 60 kGy, respectively. When irradiation dose exceeded 60 kGy, high DEAEMA heteropolymer was formed, and it was difficult to extract the grafted films from the reaction medium (some day was necessary to extract them). However, when the irradiation dose is greater than 50 kGy, the recombination of macroradicals becomes predominant and causes that grafting percentage to plateau.
Results and Discussion
The radiation grafting yield of NVCL onto SR-g-DEAEMA (11% graft) as function of irradiation dose and monomer concentration 50 vol%., the effect of the irradiation dose on the grafting yield was examined by two step method at fixed monomer concentrations varying the irradiation dose between 10 and 60 kGy. For a 50% monomer concentration, the grafting yield of poly (NVCL) onto SR films is depicted in Figure 2 , where it can be observed that there is an increase in grafting percentage as the irradiation dose increases, which is not unexpected given that the number of latent initiating sites is expected to increase with increasing radiation dose, in all cases, copolymers films were homogenous.
The effect of monomer concentration between 40 and 100 vol% on the grafting yield was examined. The data plotted in Figure 3 show that a broad range of graft content can be achieved, the efficiency ranging from a quite high minimal value of 10% graft for poly (NVCL) at monomer concentration 40 vol%, to a saturation value with close to 70% graft for monomer concentration of 100 vol%. Figure 4 shows the relationship between monomer concentration (NVCL in toluene) and grafting yield at a radiation dose of 60 kGy and room temperature, the grafting percentage increases with increasing monomer concentration, reaching maximum of 40% for a 60 vol%. From the figure it can also be gathered that a higher monomer concentration favors "the gel effect" and crosslinking, which results in slower termination step due to the lack of mobility of the growing chains, and increase in the grafting yield.
FT-IR spectra of SR and graft copolymer (SR-g-DEAEMA)-g-NVCL at different grafting yields are shown in Figure 5 . The spectrum of pristine SR film showed a band at 1005 cm −1 due to stretching vibration of the Si-O-Si bond, and signals at 2963 and 1258 cm −1 which corresponded to C-H groups in CH 3 and Si-CH 3 respectively (Figure 5(a) ). On the other hand, SR-g-DEAEMA showed C=O at 1729 cm −1 (Figure 5(b) ); poly(NVCL) onto SR-g-DEAEMA (Figure 5(c) ) also showed a peak at 1633 cm −1 that belong to the C=O from poly(NVCL), and two bands at 2927 and 2856 cm −1 that correspond to the C-H stretching vibrations, with these characteristic peaks the grafting of NVCL onto SR was confirmed. Poly(DEAEMA) showed band at 1729 cm −1 for C=O (Figure 5(d)) ; and poly(NVCL) showed carbonyl peak at1622 cm −1 and C-N stretching vibration peak is at 1476 cm −1 (Figure 5(e) ). The thermal transitions for the different systems obtained by DSC are shown in Figure 6 . No transitions were observed for SR since its Tg (−129˚C) (Figure 6(a) ), poly(DEAEMA) (Figure 6(b) ) and SR-g-DEAEMA 72% graft (Figure 6(c)) showed Tg around 149.2 and 148.5˚C respectively, (SR-g-DEAEMA (11% graft) )-g-NVCL 14% graft (Figure 6(d) ) presented Tg at 152.1˚C, and poly(NVCL) (Figure 6(e) ) exhibited a glass transition temperature at 162.7˚C. These results confirmed that DEAEMA and PNVCL were grafted onto SR rubber with thermal stability at around 155˚C.
Thermal stability was measured by TGA at 10˚C min −1 from 25 to 800˚C and the results are presented in Figure 7 and Table 1 . This table contains the thermal decomposition temperatures (10 wt% loss) and char yield (%) of the graft copolymers and heteropolymers. The graft copolymers exhibited decreased stability (compared with SR pristine) in N 2 (10 wt% loss at temperatures from 347 to 398˚C) as measured by TGA. It is relevant to observe that in several cases, the TGA data were similar (a difference of only 51˚C), which could be related either to the thermo-oxidative stability of these polymers or to the thermal weak linkage of DEAEMA and NVCL moieties to SR rubber.
The welling kinetics of the various poly(NVCL)-grafted SR-g-DEMAEMA films immerged in water at 25˚C was followed by gravimetry. Typical swelling profiles are plotted in Figure 8 . Typical diffusion profiles indicate that equilibrium is reached between 800 to 900 min, for graft contents from 14 to 39% graft. However the initial water diffusion into the outer poly(DEAEMA) and poly(NVCL) layer proceeds at comparable rates. Figure 9 showed the equilibrium swelling behavior for the films grafted measured as a function of pH at 25˚C, it was evaluated between 2 and 10. As can be seen, critical pH point is reached at 3.2, close to pKa of DEAEMA, films were compact at pH values greater than 11. At high pH values, a maximum value of swelling was reached, when the pH values were lower than 4, the films were swollen. pH-dependent equilibrium swelling of different 10.3% graft (), 12.8% graft (), 14.3% graft (▲), and 13.5% graft ().
percentage of poly(DEAMEA) and poly(NVCL) grafted onto SR presented the same critical pH point although the water uptake for the different grafted degree is greater for high grafts than low grafts. The DSC thermograms of the (SR-g-DEAEMA)-g-NVCL, which had been previously swollen (24 h) in distilled water, are shown in Figure 10 . The onset point of the endothermal peak, determined by the intersecting point of two tangent lines from the baseline and slope of the endothermal peak, was used to establish the LCST of the (SR-g-DEAEMA)-g-NVCL system, which fell between 57.6˚C and 63.9˚C for different grafting content.
Conclusion
A new thermo-and pH-sensitive grafted copolymer of (SR-g-DEAEMA)-g-NVCL was prepared by the direct . The optimum grafting dose was from 50 to 60 kGy; the monomer concentration could be lower than 80 vol%. Grafting was confirmed by the FTIR, DSC, TGA, and swelling measurement. LCST around 63.5˚C was determined by the DSC measurements and pH critical point observed at 3.2.
